Anatolia and another unknown source. In these latter examples chemical compositional data from relevant proximal volcanic centres is currently lacking so the identification of tephra in layers of known age and cultural association provides the first reliable age determinations for distal volcanic events and their geographical extent. The future potential for tephrochronological research in North Africa is also discussed.
synchronous across broad regions (Mitchell, 2008) and/or whether it developed as a gradual (Villa et al., 2012) or a more punctuated time-transgressive process (Barton et al., 2013) . In North Africa from Morocco as far east as Libya the LSA microlithic bladelet industries are often referred to as Iberomaurusian (Lubell, 2001) . Several questions have arisen over the chronology of this industry but in Morocco and Algeria its first appearance can be dated to 25-23 ka Cal BP 1 , based on new AMS radiocarbon dates (Barton et al., 2013) . At the site of Taforalt, Morocco there is a clear break with the underlying MSA, involving a potential gap of around 2600-3880 years (at 95% confidence interval) (Barton et al., 2013) . In Cyrenaica, the MSA-LSA transition is interpreted somewhat differently with the Dabban industry possibly representing an early Upper Palaeolithic technology or a transitional MSA equivalent and dating to around 46-41 ka BP (according to modelled ages in Douka et al., 2014a) . The first appearance of the Iberomaurusian (also known as Eastern Oranian) at this site, which directly overlies the Dabban (McBurney, 1967) , seems to have been slightly later than in the Maghreb. At the Haua Fteah, this transition has a modelled age of 17.5-16.6 ka BP (Douka et al., 2014a) . However, greater clarification is still required over whether the Iberomaurusian developed directly out of the Dabban; in the Maghreb there is currently nothing that fits the Dabban description or that has been found in stratigraphic association with the Iberomaurusian, which suggests independent trajectories for the development of the LSA technologies in each of these areas.
Clearly there are continuing uncertainties over the timing and development of the MSA and LSA in North Africa and its association with H. sapiens. As part of the RESET project 2 , we applied the technique of tephrochronology to sites in this region for the first time. The objective of this work was to refine our understanding of the chronology of individual site sequences and use synchronous tie-points to relate cultural developments across the wider region of North Africa and even potentially as far as Europe. The principles of tephrochronology are by now well established . Ash, comprised mainly of glass shards (tephra), is ejected from an explosive volcanic eruption and is spread through the atmosphere for sometimes thousands of kilometres. Tephra fallout, from an ash plume or as co-ignimbrite clouds, produce widespread layers that decrease in thickness and shard size with distance from the source. Very often these shards survive at distal sites (that is, sites distant from the volcanic source) only as tiny microscopic elements referred to as cryptotephra. The aim of cryptotephra investigations is to locate widespread tephra isochrons; the target dating event is the time of the volcanic eruption and the assumption is that its deposition into sediments is pene-contemporaneous with the eruptive event. Since the glass shards provide a geochemical signature that is theoretically unique to that eruptive event, their distribution provides a useful synchronous marker that can be traced over geographically extensive areas (see for example, Turney et al., 1998; van den Bogaard and Schmincke, 2002; Lowe et al., 2012) . Thus, as well as providing a direct proxy for dating an individual occupation layer, tephra can also be used as a means for independently testing inter-site (as well as within site) correlations over wide regions and at relatively high precision (centennial to decadal timescales).
The aims of the RESET study of sites in North Africa were threefold:
 To locate identifiable tephra and cryptotephra in Middle Stone Age (MSA) and Later Stone Age (LSA) layers and to use this as a correlation tool for linking and synchronizing archaeological and environmental records at widely spaced intervals across North Africa.
 To use these data to examine the implications for theories of modern human dispersals in North Africa and related cultural changes both within the MSA and the transition from the MSA to the LSA in this region.
 To test the relationship between proximal and distal tephra sources so that areas of future potential for chronological studies across North Africa could be identified.
Site selection
In order to address the aims outlined above we chose a longitudinal study that focused on sites in a broad transect from west to east across North Africa, from the Atlantic and Mediterranean coasts to the Red Sea margin and Levant (Fig. 1) . The aim of this selection was to sample sites both relatively close to the well-documented zone of volcanic activity in southern Italy but also to test the proposition that other datable tephra might be detected distally in areas outside the influence of the well-studied Italian sources. In all, eight sites were identified as being suitable for this study:
three in Morocco, two in Tunisia and one each in Libya, Egypt and Israel (Fig. 1 , Table 1 ). These represent only a small sub-set of a much larger group of sites that could have been tested. However, in applying strict criteria that included only those sites with long sequences of MSA and LSA layers, that had been the subject of modern excavations and that were accessible for sampling (due to political unrest several countries had to be excluded) our choice of site for this initial study was somewhat restricted.
Our selection of sites was also partly directed by recent research which suggests that sediment records in caves and rock-shelters offer amongst the best opportunities for investigating cryptotephra from widely dispersed eruptions (e.g. Boric et al., 2012; Douka et al., 2014a; Lowe et al., 2012) . This is particularly the case where the survival of the microscopic glass shards may be favoured by a combination of allochthonous sedimentation through large cave entrances and reduced erosion and bioturbation (Lane et al., 2014) . Cryptotephra deposits are believed to be mainly transported into cave or rock shelter sequences along with their host sediments, with only perhaps a small component, in exceptional circumstances, falling out directly into the cave entrance.
It is important to consider the influence of taphonomic processes when assessing the value of a tephra layer as an isochronous marker. Aspects such as varying sedimentation rates, distance from the volcanic source and the nature of the intervening terrain, as well as the processes of emplacement (slope-wash, windblow, etc) may impact upon the rate of tephra deposition and burial.
For example, colluvial activity may be responsible for introducing tephra into a cave sometime after the actual eruption event. The position of a cryptotephra horizon in a stratigraphic layer may also be affected by re-mobilisation of tephra shards through processes such as compaction, bioturbation or water percolation (Davies et al., 2007; Payne and Gehrels, 2010; Morley and Woodward, 2011) .
Therefore, demonstrating discrete event horizons within the sediments (i.e., distinct peaks of high concentration glass shards) is critical when identifying the isochron position and where appropriate, depth uncertainty should be built into dating schemes in site age models (Lane et al., 2014) .
In terms of the sites we selected for cryptotephra investigations, they lie at varied altitudes with openings of different sizes and orientation and with different types and scales of sedimentation. A brief synopsis of each of the sites (taken geographically from west to east) and the sampling procedures adopted is presented in Table 1 , which also includes a summary of the progress of the investigations. As can be seen, of the eight sites sampled, no tephra was recovered from Aïn ElGuettar and work on El Akarit and Kebara Cave is still in progress. Therefore, in this paper we present and discuss results from only five of the sampled sites, focussing in particular on Taforalt, Haua Fteah and Sodmein Cave, from which tephra layers were successfully characterised and correlated at least to a source region. Further detail on the dating and stratigraphy of these three sites is given in Section 4 (Results).
Material and methods
All sites were sampled at 2 or 5 cm contiguous intervals along single, or multiple overlapping, sample columns, placing samples in sealed bags according to the methods presented in Lane et al.
(2014). The sediment samples were then processed in the laboratory using methods described in Blockley et al. (2005) , which aim to isolate volcanic glass from its host sediment using the physical properties of the tephra (density and grain size). Initial investigations were carried out at low depth resolution by amalgamation of sub-samples respecting context boundaries (the interval was partly dependent upon the nature and thickness of the archaeological contexts). For sites sampled for cryptotephra at 2 cm intervals (Dar es-Soltane 1, Taforalt, Rhafas, Aïn El-Guettar, Haua Fteah), this involved in most cases amalgamating 5 individual sub-samples representing a vertical depth of 10 cm, and for those sampled at 5 cm intervals (Dar es-Soltane 1, Sodmein) admixing 4 sub-samples spanning a vertical depth of 20 cm. If tephra shards were found during low resolution scans the corresponding individual bag samples were then processed to further identify the exact sediment depth containing the cryptotephra layer. Concentrations of volcanic glass shards were calculated after counting from grain mounts under high-powered optical microscopy and are stated as the number of shards per gram of dry sediment (s/g). Where high concentrations of glass shards were located, these samples were re-examined at 2 cm resolution to pinpoint more precisely the stratigraphic position of the tephra horizon.
For each tephra layer, glass shards were concentrated and prepared for single grain compositional analysis. Major and minor element compositions were estimated by wavelength-dispersive electron microprobe analysis (WDS-EMPA), using the Jeol JXA8600 microprobe at the Research Laboratory for Archaeology, University of Oxford (operating conditions: 15keV, 6nA, 10 μm beam, peak count times 10-60 seconds). The same grain mounts were mapped and used for both EMP and trace element analyses, to facilitate re-location and analysis of individual shards, which allows full quantification of the single grain trace element compositions.
Trace element compositions were analysed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) using an Agilent 7500ce ICP-MS coupled to a 193 nm Resonetics ArF eximer laser ablation system with a two-volume ablation cell, in the Department of Earth Sciences, Royal Holloway University of London (Müller et al., 2009 ). LA-ICP-MS procedures followed the methods of Tomlinson et al. (2010) , which are specifically designed for the analysis of fine-grained ash deposits. Analyses utilized a 25 μm laser spot size, a repetition rate of 5 Hz and 40 s sample and gas blank count times. Quantification used NIST612 as the calibration standard with 29Si as the internal standard. Secondary standard glasses ATHO-G and St/Hs6/80-g from the MPI-DING collection (Jochum et al., 2005; 2006) were run to assess accuracy and reproducibility of analyses.
Where grain sizes were insufficient for analysis by LA-ICP-MS, samples were analysed instead by Secondary Ion mass Spectrometry (SIMS) at the CNR-(IGG), Unit of Pavia (Italy). Samples were polished and Pt-coated prior to analyses. Analyses were done with a Cameca IMS 4f ion microprobe using a 0.5-0.7 nA primary-beam current intensity, under a 5-8 μm spot diameter, -12.5 kV accelerating voltage and energy filtering of secondary ions (75-125 eV emission energies), using methods similar to those adopted by Ottolini (Schiano et al., 2001; 2004) . In order to increase the sensitivity on very small samples (< 10 micron diameter), experimental methods were optimised by increasing the acquisition times of secondary ion signals. The trace-element concentrations were calculated using the SiO2 (wt%) values obtained from previous EMP analyses performed in the same shards selected for the SIMS investigation. The precision of a single analysis from Poisson counting statistics for the various isotopes detected is on the order of few percent rel. and generally better than 10% rel. (as 1σ%) at ppm-tens ppm wt concentration. Two international reference materials were used as primary standards including NIST-SRM 610 and BCR-2G, alongside these two well characterised internal standards (BB and WY1) were analysed during the sample runs.
Considering all the errors involved in the SIMS investigation, related both to the reference concentrations assumed for the calibration standards and to the analytical precision of the SIMS data themselves, we can estimate accuracy to be comparable to precision in the range (1-3σ).
Results
Taking each site in turn, we here present the cryptotephra findings from Dar es-Soltane 1, Taforalt, Rhafas, Haua Fteah and Sodmein Cave. The degree of success was variable between sites, which each posed its own specific challenges (e.g. taphonomy, lack of reference data on regional eruptions). A discussion of the implications of our findings on the potential of cryptotephra as a dating and correlation tool in North African cave sites can be found in Section 5.
Dar es-Soltane 1
Tephra shards were located in six stratigraphic horizons, all mostly in very low concentrations (<6 shards / gram dry sediment). One horizon (-18 to -20 cm; likely to be in sub-unit G4.7) produced shards at concentrations of 11 shards/gds. However, as no specific isochron position could be determined, no geochemical analysis was attempted on this layer.
Given the position of the cave in a broadly westerly airstream, tephra from an Atlantic volcanic source would be likely to reach and deposit tephra in this region. However, whilst the cavity is very close to the surface, with which it connects through a number of large roof apertures, exterior slopes are 'short', such that geomorphological (overland) catchment is small. This situation means that only tephra falling in the immediate area would quickly find its way into the cave, reducing the concentration of air fall tephra which is expected when a larger catchment is available.
The sediments of Dar es-Soltane 1 have also been more or less completely decalcified, with strong signs of concomitant phosphatic and possibly sulphatic mobilisation. These observations suggest that both unusually acidic and unusually alkaline conditions could have developed very locally (and variably through time) in pore water. Such conditions are likely to have resulted in aggressive alteration -possibly even complete destruction -of tephra, effects that would have been stronger the smaller the particles concerned and the lower the silica content of the ash. These conditions may well have contributed to the limited amount of tephra located in the site. A sequence on the NE side of the cave, which has not been decalcified, may offer a location to test whether or not tephra was deposited in the cave and therefore if it has been subsequently weathered from the investigated sediments.
Taforalt
Taforalt has been the subject of long-term cryptotephra investigations, as the cave is well-suited to trapping fine grained material within the low-energy, fine-grained sediments. It is likely that tephra enters the cave not only within a wind-blown component through the large cave opening, but also through avens and fissures in the roof, which are fed from a wide surface catchment to the south.
These varied avenues may play a role in prolonging, or delaying, the input of tephra into the site as well as helping to explain the variable distributions of cryptotephra found in different sectors of the excavation. Concentrations of cryptotephra have been found in four main locations: three layers in overlapping columns taken across Sectors 1 and 2 (layers R2, R4 and R16), and one in Sector 8
(layer Y1) ( Fig. 2-4 ). The layers have been named with respect to the context they have been found in and they are each described here in terms of their stratigraphic position, appearance, composition, age and likely correlations (Fig. 5 ).
Sectors 1 and 2
TAF_S1_R2 occurs in powdery sediments of the Upper Laminated Group, less than 10 cm above TAF_S1_R4 in Sector 1, forming a subtle double peak (Fig. 3) . The shard counts are extremely low and variable across the sample columns in Sectors 1 and 2. Radiocarbon dates of ~26,528 to 24,420
Cal BP, from layers R3/4 provide some guidance as to the age of the two tephra layers. The third cryptotephra TAF_S2_R16 was identified only in Sector 2, in layer R16 of the Lower Laminated Group sediments (Fig. 2-3 ) and is constrained by OSL dates to ~ 50 ka BP.
i. TAF_SI_R2
Glass shards in TAF_S1_R2 appear mostly cuspate, with some shards having open or elongated vesicles. Shards have longest axis lengths of up to 70 µm. The maximum shard concentration is 36
shards/gram at the base of the layer. In total 23 tephra glass shards from Layer R2 were successfully analysed by WDS-EMP from across Sector 1 and 2 (Table 2 ) and nine shards using LA-ICP-MS and SIMS (Table 3 ). The LA-ICP-MS and SIMS data show good agreement, within two standard deviations, across all elements. The data reveals that TAF_S1_R2 has a homogeneous trachytic composition (Fig. 5 ).
Trachytic tephra are extremely common in the North Atlantic and Mediterranean region, therefore of Vesuvius are distinct on all elements, whilst trace element composition demonstrates that tephra from the Ischian eruption of Faro di Punta Imperatore, is also distinct (Fig. 5d) . Considering the Western Mediterranean location of Taforalt, the limited available data for contemporaneous eruptions of volcanoes on the Azores is also plotted in Fig. 5a and b. The major and minor element composition of TAF_S1_R2 shows a close match to trachytic tephra from Sete Cidades, a volcano on the island of Sao Miguel (Beier et al., 2006) . Unfortunately, no trace element compositional data is yet available for Sete Cidades but it does seem likely that the dominant westerly winds in this region could also transport small amounts of volcanic ash to North Africa, even from 2000 km away. Whilst closer (less than 1500 km away), a Canaries source can probably be excluded because the various eruptions between 30-10 ka BP are reported as phonolitic in composition (Martí et al., 2008) . However, no single grain glass data was found for comparison.
ii.TAF_S1_R4
Non-vesicular glass shards with either plate-like or bubble-junction morphologies and longest axis lengths of up to 70 µm, were found in layer R4 in a concentration of 15 shards/gram. Seven EMP analyses were achieved on TAF_S1_R4, revealing a rhyolitic composition (Fig. 5) . Of the shards analysed, three of these display low Na2O and (possibly inflated K2O) contents, indicating that alkali exchange has likely occurred. No trace element analysis was carried out on this layer. Whilst compositional data is limited, it is apparent that the composition is very similar to that of the much younger TAF_S8_Y1 (section 4.2.4.), suggesting that different eruptions from the same source may have delivered tephra to Taforalt multiple times during the Late Quaternary. The few rhyolite eruptions found in the North Atlantic and Mediterranean around this time period include the Cape Riva, from the Hellenic Arc, dated to 22,157-21,567 Cal BP (Lee et al., 2012) and the Guneydag and Korudag eruptions of Acigöl volcano in Central Anatolia, dated to 23,800 ± 900 and 24,900 ± 900 years BP respectively (Schmidt et al., 2011) . Whilst the Acigöl tephra layers show some compositional overlap on both major and minor elements (Fig. 5b) , the distances required for ash to be transported against the prevailing circulation, over 3500 km away, almost certainly precludes a correlation with TAF_S1_R4. No Icelandic or Aeolian rhyolites are currently known from this time period. In the case of Iceland, this may be a preservation bias due to LGM ice cover and associated erosion of comparable tephra records.
iii. TAF_S2_R16
Tephra glass shards in layer 16 were small (< 60 μm longest axis length) and vesicular (with both open and tightly closed vesicles), which made isolation and analysis of tephra shards very difficult and no compositional data were achieved for this layer.
Sector 8
Cryptotephra was recovered in low concentrations in the top 18 cm of the Yellow Series, in layer Y1, Sector 8 (Fig. 4) . Glass shards display elongated vesicles and fluted structures and are the largest observed in the site, with longest axis lengths of up to 100 µm. To establish if the 18 cm spread of tephra was all from the same eruption, two samples were picked and analysed: one sample from 4-8 cm and one from 10-12 cm. The samples returned matching rhyolite compositions (Tables 1 and 2 ; Fig. 5e ). The sediments of Y1 are characterised by finely laminated, fine to medium sands, indicating emplacement by gentle wash processes. The distribution of the tephra and the homogeneous composition is therefore likely reflecting the time taken to wash in all of the tephra shards from the catchment, following a single volcanic event.
The major and minor element composition of this rhyolite tephra is similar to that observed in TAF_S1_R4. However, dating of the sediments at the top of Y1 to 15.6-14.8 ka Cal BP (Barton et al., 2013) indicates that TAF_S8_Y1 is around ~10,000 years younger than TAF_S1_R4. Distinctly different archaeological industries in the layers concerned also supports the dating evidence.
Multiple rhyolitic tephra from Icelandic and Aeolian volcanoes have been described from distal localities in this timeframe Albert et al., 2012) . The composition of these tephra layers are plotted in Fig Fiumibainco from Lipari, Aeolian Islands. However, comparison of the limited available trace elements shows that tephra from both of these sources is distinctly different from TAF_S8_Y1. The source of the cryptotephra in TAF_S8_Y1 therefore remains unknown.
Rhafas
Small quantities of tephra (< 7 shards counted per 4 cm unit) were located toward the top of a column taken through Section 1 square G6, inside the cave . This is likely to be a condensed equivalent of Wengler's bed 4 complex, pre-dating 80-90 ka BP Mousterian artefacts . No compositional data has been produced from this tephra layer, precluding identification of the volcanic source.
This site is not particularly well placed to trap cryptotephra, lying near the crest of the local topography, with only a small overland catchment area. Furthermore it appears likely that the original cave passage was longer, the outer section having been progressively eroded and unroofed.
However, should any tephra find its way into the site, one would expect it to be well-preserved and to show reasonable stratigraphic resolution. The carbonate-rich sediments within the cave contain low concentrations of limestone clasts, set in poorly expressed but broadly horizontal lenticular bedding, suggesting wash as an input mode for the fines. The interior cave zone that was sampled shows only low levels of bioturbation and no strong diagenetic effects . The deeper parts of the sequence (not sampled here) have fewer limestone clasts and laminar bedding, probably representing better contexts for cryptotephra preservation. Thus, despite the low concentrations of tephra shards present in the sampled section, further systematic cryptotephra investigation at this site could be worthwhile.
Haua Fteah
Cryptotephra investigations at the Haua Fteah were carried out in collaboration between RESET and the Cyrenaican Prehistory Project and results contribute to the new Bayesian-based chronology for the site and are discussed in full in Douka et al. (2014a) . The site is ideal for both the capture and preservation of cryptotephra. It is a partially-roofed, partially in-filled broadly oval-shaped karstic doline, with a high, broad north-facing cave mouth with little or no intervening landmass occurring between the site and tephra sources in Italy, Greece and Anatolia.
Sediment of aeolian origin is important in the cave fill, although much has been emplaced by colluvial in-wash from the immediate catchment and local rockfall processes within the cave.
Throughout the sequence, the sediments display very clean upper and lower boundary interfaces indicating an episodic depositional regime which is minimally affected by macro-scale postdepositional mixing and bioturbation Inglis, 2012; Douka et al., 2014a ).
Work at the site has revealed one visible tephra (context 426) and three cryptotephra layers (contexts 441/442, 513, 526/527), in samples from the west-facing section of the Middle Trench (Fig. 6 ). Of these, the youngest three have been successfully identified and correlated to dated eruptions of Italian volcanoes (Douka et al., 2014a) .
i. HF_T426
Context 426 is a ~1 cm thick visible tephra layer that can be traced laterally across the Middle Trench ( Fig. 6) (also see Fig. S4 in Douka et al., 2014a) . The tephra has been chemically correlated to the eruption of the Biancavilla Ignimbrite tephra from Mount Etna, ~850 km away (Coltelli et al., 2000; Albert et al., 2013) . Tephra from this eruption, dated to 17.61-17.07 ka Cal BP (Kieffer, 1979 , calibrated with IntCal13: Reimer et al., 2013, Bronk Ramsey et al., this issue) , has been found in many archives across the central Mediterranean. High concentrations of this tephra were reworked throughout the upper part of the sampled section (Fig. 6) , preventing further detection of cryptotephra layers in the contexts above HF_T426.
iii. HF_T441/442
A phono-trachytic cryptotephra (~1400 s/g) located at the boundary between contexts 441 and 442 (Fig. 6 ) has been correlated to the plinian fallout phase of the Campanian Ignimbrite eruption ( iii. HF_T513
A second phono-trachytic cryptotephra layer from the Campi Flegrei was found in very low concentration (< 86 s/g) in context 513 (Fig. 6 ). This layer has been correlated to tephra layer TM-20-2a, described from the varved sediments sequence of Lago Grande di Monticchio, southern Italy (Wulf et al., 2007) . TM-20-2a is dated to of 68.62 ± 2 ka BP (ca. 3% varve counting error).
iv. HF_T526/527
The lowermost cryptotephra found in the Haua Fteah could not be identified. Variable shard morphologies and mixed chemical rhyolitic and trachytic compositions indicated that the horizon is most likely the results of input of tephra from multiple eruption events over an unknown duration.
Contexts 526 and 527 lie within sedimentary facies 5, which has a modelled age of 75.6-65.3 ka BP (Douka et al., 2014a) . Few tephra layers are well described for this time frame (Blockley et al., in review) , however possible rhyolitic sources are known from the Hellenic Arc and Anatolian
Province (Tomlinson et al., this issue) .
Sodmein Cave
Sodmein is a large but quite shallow cave standing at the base of a significant limestone cliff, with a 'hogback' above, likely to give moderate overland catchment. Airborne tephra is likely to have entered the cave via its wide opening; however there is also some potential for more delayed input of tephra through known major fissures and avens. The sediments are generally reported to show loose packing, irregular thicknesses, lenticular units and common scree; there are some laminated intervals, interpreted as local aeolian units. Organic units are common, containing herbivore dung, mammal (sometimes carnivore) coprolites and guano. Enhanced limestone corrosion has been noted in some of these organic layers, which may indicate some potential for leaching or dissolution of tephra glass shards (Pollard et al., 2003) .
Column samples taken from the sediment sequence revealed the presence of cryptotephra in at least two ~50 cm deep zones of the stratigraphy (Fig. 7) , which may indicate prolonged input of tephra into the cave system. Within these broader zones, distinct peaks in glass shard concentrations were identified at 25-30 cm and 150-155 cm, yielding 288 and 279 shards per gram of dried sediment respectively. The upper cryptotephra (SC1) lies at the top of layer C4, at the top of the Pleistocene sequence and close to the boundary with the Holocene. The lower cryptotephra (SC2) is located at the interface of layer H and the overlying layer G-base, believed to be of MIS 4 age.
i. SC1 25-30 cm
Cryptotephra from this level show three compositional components that are individually classified here ( Fig. 8): (1) a dominant component that shows a homogeneous calc-alkaline (CA) rhyolitic affinity (n=16; 75.7 ± 0.6 wt.% SiO2; 3.5 ± 0.2 wt.% K2O); (2) a small population shows a high potassium calc-alkaline (HKCA) rhyolitic affinity (n=2; 74.5 wt.SiO2; 4.4 wt.% K2O); (3) a second small population shows a K-trachyte affinity (n=2; 61.7 wt.% SiO2; 8.7-9.0 wt.% K2O) ( Table 4 ).
The dominant CA rhyolitic glass composition (component 1) can be correlated to central Anatolian volcanism and the products of Erciryes Dagi (Fig. 8b-c (Sarikaya et al., 2006; 2009) . It is difficult to compositionally distinguish between these proximal tephra deposits, however, it does appear that component 1 of cryptotephra SC1 25-30 cm is very homogeneous, a consistent feature seen in the youngest eruptive unit, Dikkartin (Fig. 8) . Hamann et al. (2010) report the S-1 tephra from the eastern Levantine Sea, dated to 9130-8700 Cal BP, and correlate this tephra to the Dikkartin eruption. There is a very strong agreement between the S-1 tephra and SC1 25-30 cm identified at Sodmein Cave (Fig. 8d ) and the correlation of these two distal tephra layers supports a southerly dispersal for the Dikkartin eruption of Eciryes Dagi.
The HKCA rhyolitic glasses (n=2) of component 2 are similar in composition to the rhyolitic products of Nemrut Dagi (Eastern Anatolia) (Fig. 8a-d) , whilst the K-trachytic glasses (n=2) of component 3 correspond to glasses erupted from Campi Flegrei, southern Italy (Fig. 8a) . Given the strength of the geochemical correlation between the dominant glass component (component 1) of cryptotephra SC1 25-30 cm, the early Holocene explosive activity at Erciyes Dagi and the S-1 tephra in the Levantine Sea, we adopt the age of the latter and suggests a date of 8700-9130 Cal BP can be imported to the depth of 25-30 cm in Sodmein Cave.
ii. SC2 150-155 cm This cryptotephra has a dominant Na-rich trachyte component (66.3 ± 1.7 wt.% SiO2; 7.2 ± 2 wt.% Na2O and 5.4 ± 0.3 wt.% K2O), whilst a single outlying analysis shows a rhyolitic with 73.9 wt.% SiO2 and again showing elevated Na2O concentrations affinity (Table 4 , Fig. 8 ). Comparisons with circum-Mediterranean explosive volcanism fail to offer a potential source for this tephra. Thus the provenance of this tephra remains unknown. Volcanic sources from further south and east of
Sodmein cannot be ruled out (e.g. Arabian Peninsula, Ethiopian Rift), but without comparative data it is difficult to explore this option at present.
Discussion
The discovery of cryptotephra in stratigraphic contexts at sites across a broad area of North Africa demonstrates the proof of concept that this technique offers high potential for dating and correlating archaeological and environmental records during the Pleistocene. Individually, the sites of Taforalt (Morocco), Haua Fteah (Cyrenaica, Libya) and Sodmein (Egypt) have long sequences of MSA/MP and LSA layers which contain identifiable cryptotephra horizons that can be either directly correlated with known volcanic events or that can be placed within detailed chronological sequences and provide a means of ordering these distal tephras both stratigraphically and temporally. Whist it is not possible to draw too many conclusions based on the absence of tephra within the other investigated sites, our finding suggest that a large catchment, availability of sediment entry points and undisturbed sediment accumulation are key to preserving tephra within this type of archives.
Refining chronologies of human evolution
At the Haua Fteah, three well-dated cryptotephra layers have significantly improved our understanding of the timing of cultural transitions as well as providing tie-points for making correlations across very wide geographical areas and with other archaeological sites.
The oldest characterised tephra at the Haua Fteah (HF_T513) occurs well within the LevalloisoMousterian sequence (there is ~1 m of sediment with similar finds described by McBurney beneath this tephra) and provides a varve age of 68.62 ± 2 ka BP. This date agrees well with other evidence that suggests a general age of around 70.8-66.7 ka BP for these layers and for the dating of two H. sapiens mandibles (Douka et al., 2014a) . The dating of the mandibles places them within the timeframe of the dispersal of modern humans out of Africa and brings more sharply into focus the question of whether these were late surviving archaic H. sapiens or part of the exodus of the first modern humans to leave Africa at 65-60 ka BP (Mellars, 2006) . Clearly a re-study of the mandibles to clarify their taxonomic status would now be of great benefit.
The discovery of the Campanian Ignimbrite in the Haua Fteah, located in the deeper Dabban layers above a sterile gap with the underlying Levalloiso-Mousterian sequence, provides a minimal date of ~39.3 ± 0.1 ka (De Vivo et al., 2001) for the early Dabban. On stratigraphic grounds it is possible to infer that the actual age of oldest Dabban lies closer to ~46-41 ka BP, before the CI eruption (Douka et al., 2014a) . If the Dabban marks a genuine break with the underlying LevalloisoMousterian layers (as the gap in cultural layers suggests), it may have an important bearing on the spread of people and ideas into this region possibly paralleling the entry of early modern humans into southern Europe at ~45-43 ka BP (Benazzi et al., 2011) . Although the Dabban cannot be directly compared to some of the earliest European Upper Palaeolithic technologies (e.g. Uluzzian, Douka et al., 2014b) it does nonetheless suggest that the pattern of rapid migration of modern humans -whether out of Africa or re-entering North Africa via the Levant -is highly complicated but can now begin to be realistically investigated based on the availability of this new dating evidence.
Finally, the Biancavilla Ignimbrite is likewise important because it provides a precise age estimate (17.9-16.8 ka BP; Kieffer, 1979) associated with an early phase of the LSA Oranian/Iberomaurusian at Haua Fteah. Together with new AMS radiocarbon determinations, this provides the first reliable confirmation that the Iberomaurusian in this region is probably younger compared with that of the neighbouring Maghreb (Barton et al., 2013) . This may have implications for understanding a later dispersal of human populations known as Mechta-Afalou types and supports the hypothesis of an indigenous development of the Iberomaurusian in the Maghreb (Barton et al., 2013) .
Correlating between archives
At present, no tephra layers have been found that directly link between our investigated North (Ablay and Martí, 2000; Queiroz et al., 2008; Gertisser et al., 2010) and lie within a few thousand kilometres of Morocco and within a westerly atmospheric circulation pattern that would suggest these as a likely source for tephra in sites across NW Africa. The discovery of four cryptotephra horizons at Taforalt, from likely Atlantic and Mediterranean volcanoes, as well as hints of tephra within the stratigraphy of Dar es-Soltane 1 and Rhafas, indicate future potential for linking MSA and LSA archaeological sites across and beyond the Maghreb.
At Taforalt perhaps the most promising tephra for future work is TAF_S8_Y1. The horizon lies very close to the sediment boundary between the Yellow and Grey Series deposits, for which there is a modelled 14 C age of 15, 940 Cal BP (at 68.2% probability) (Barton et al., 2013) . The cryptotephra is associated with a phase of increasing climatic humidity in the cave and a recognisable change in the composition of the LSA/Iberomaurusian assemblages (Barton et al., 2013) . If this can be replicated at other sites in Morocco and the Maghreb it would make a significant contribution to our understanding of local and regional patterning in this cultural substage.
Lower in the stratigraphy at Taforalt, TAF_S1_R2 is also of some interest because it lies just above layers dated to ~25 ka BP that contain an assemblage dominated by quartzite flakes that is different from the bladelet-based Iberomaurusian and which we tentatively identify with a very late MSA (Barton et al., 2013) . The fact that this industry is partly sandwiched between two cryptotephras (TAF_S1_R4 is just below), may turn out in future to be useful for dating the MSA-LSA transition and making precise comparisons between regional archives.
Interestingly, the best example of using tephra as a time-synchronous correlation tool between archaeological archives is given by the occurrence of the Campanian Ignimbrite in the Haua Fteah.
Whilst not yet located in any other North African site, the Campanian Ignimbrite has been located in a number of Middle to Upper Palaeolithic records from southern Europe and even into southern Russia (Lowe et al., 2012) , where it provides a precise datum around which the record of H. sapiens in North Africa can be directly compared to that in another continent.
Conclusions
In this paper we have presented the results of the first systematic investigation of cryptotephras from sites across North Africa. Tephras and cryptotephras of different geochemical compositions have been detected at three cave sites (Taforalt, Haua Fteah and Sodmein). In the case of Haua Fteah considerable success has been achieved in singling out proximal volcanic sources which are well dated and provide a chronological framework for understanding the ages of the sediments in which the tephra shards occur. These have added significantly to our knowledge of cultural transitions within the MSA and for the LSA chronology of this cave and provide age estimates for two H. sapiens mandibles in the MSA (Levalloiso-Mousterian) layers. Although the proximal volcanic sources for cryptotephra layers in Taforalt and Sodmein Caves are at present imprecisely known they provide strong circumstantial evidence for long distance transport of tephra shards from volcanoes on the Azores and from Anatolian sources, respectively. In each of these instances the tephra signal is sufficiently strong to show the potential for extending the technique to other terrestrial sites from across North Africa to the Levant, as well as adjacent offshore marine deposits.
Footnote 1
Except where stated all radiocarbon dates are calibrated and expressed in calendar years before present (Cal BP). Tables   Table 1. Summary of the eight sites investigated for cryptotephra across North Africa to the Levant as part of the RESET project. References are given to key papers on each site where further detail on the archaeological sequences can be found. Trace element single-grain glass shard compositions (in ppm) for cryptotephra horizons TAF_S1_R2 and TAF_S8_Y1, as well as associated secondary glass standard analyses.
TAF_S1_R2 was analysed both by LA-ICP-MS and SIMS, the data is comparable within 2 sigma uncertainties. TAF_S8_Y1 was analysed only using SIMS.
Table 4.
Major and minor element single-grain glass shard compositional data (WDS-EMPA) for the Sodmein Cave cryptotephra layers SC1 and SC2 and associated secondary glass standard analyses.
Data presented as normalised (water free) values, with original analytical totals. to sampled units (R layers) and their dating (Bouzouggar et al., 2008; Barton et al., 2013) . A: R1-4; B and C: R16; D: R5-13. The tephra glass shard concentrations in R1-4 (column A) are shown.
Figure captions

Fig. 4.
Taforalt: Sector 8 section showing position of sample column alongside a vertical schematic section through the sediments with radiocarbon timescale (Bouzouggar et al., 2008; Barton et al., 2013) .
The tephra glass shard concentrations around S8_Y1 are shown. Wulf et al., 2004; Beier et al., 2006; Gertisser et al., 2010; Matthews et al., 2011; Lane et al., 2012a,b; Albert et al., 2013; Tomlinson et al., this issue) . ( Nb for trachytic tephra horizons in S1_R2, showing discrimination from the TM-14-1 tephra layer.
Errors given represent two standard deviations of repeat analysis of the secondary standard StHs6/80-G (Jochum et al., 2005; 2006) . Stratigraphic context of the sample column, showing position of tephra layers SC1 (tephra 1) and SC2 (tephra 2). C. Tephra glass shard concentrations for the full sample column and around SC1 and SC2 tephra layers. tephra from the Levantine Sea (Hamann et al., 2010) . Errors given represent two standard deviations of repeat analysis of the secondary standard StHs6/80-G (Jochum et al., 2005; 2006) .
